We analyze time evolution of charge and spin states in a quantum dot coupled to an electric reservoir. Utilizing high-speed single-electron detection, we focus on dynamics induced by the first-order tunneling. We find that there is a difference between the spin and the charge relaxation: the former appears slower than the latter. The difference depends on the Fermi occupation factor and the spin relaxation becomes slower when the energy level of the quantum dot is lowered. We explain this behavior by a theory which includes the first-order tunneling processes. We conduct detailed comparison of the experiment and the theory with changing the energy of the quantum dot levels, and the theory can reproduce the experimental results.
Semiconductor quantum dots (QDs) offer artificial quantum systems which can be controlled by voltages applied on gate electrodes [1] [2] [3] [4] [5] . By coupling the QDs to electronic reservoirs, we can explore the physics of quantum systems through electron transport measurements. The electron tunneling through the QDs reflects internal levels of the QDs and the transport spectroscopy has been a key technique to probe the inner levels. In addition, higher-order tunneling processes result in interesting physics of cotunneling [6, 7] and the Kondo effect [8, 9] . In recent years, sensitive highspeed transport measurement of QD systems became possible by utilizing quantum point contacts or QD charge sensors, and RF-reflectometry [10] [11] [12] . The technique is established and further developed in spin-based quantum bit experiments [13] [14] [15] [16] and realized fast qubit readout [17] utilizing spin to charge conversion by Pauli spin blockade [18] . The method is also useful to explore the dynamics of open quantum systems formed by QD-lead hybrid systems [19] [20] [21] [22] [23] [24] . We have previously demonstrated the measurement of charge and spin dynamics induced by the first-and higher-order tunneling processes, and revealed the time evolution by high-speed charge and spin measurements [25] .
In this work, we focus on the difference in the charge and spin dynamics in the first-order tunneling processes. We observe that the spin equilibration is slower than the charge equilibration. A theory treating the first-order tunneling explains the difference. We conduct detailed comparison of the experiment and the theory with changing the energy of the QD levels against the lead's Fermi level. The theory can reproduce the experimental results.
Figure 1(a) shows a scanning electron micrography (SEM) image of the device and the schematic of the measurement circuit. The device was fabricated from a GaAs/AlGaAs heterostructure wafer with an electron sheet carrier density of 2.0 × 10 15 m −2 and a mobility of 110 m 2 /Vs at 4.2 K. The two-dimensional electron gas is formed 90 nm under the wafer surface and patterned into QDs by applying negative voltages on Ti/Au Schottky surface gates which appear white in Fig. 1(a) . The target QD1 is connected to the lead through a tunneling barrier, which is controlled by gate T. QD1 is also connected to the ancillary QD2 for spin initialization and readout [26, 27] . The charge state of QD1 and QD2 is monitored by a QD sensor formed at the upper side of the device. The sensor is connected to an radio frequency (RF) tank circuit for the RF reflectometry and information of the charge state of the double QD (DQD) is extracted from the reflected RF signal [11, 12] . All measurements were conducted in a dilution fridge cryostat. Figure 1(c) is the charge stability diagram showing the charge sensing signal ∆V sensor as a function of V P2 and V P1 . The number of electrons in each QD is shown as (n 1 , n 2 ). I, O, and M indicate the gate voltages corresponding to the initialization, operation, and measurement. The spin state is initialized in QD2 by utilizing the singlet formation at the configuration I. After that, the initialized electron is transferred to QD1 by moving to the configuration O. ǫ is the voltage from the center of the Coulomb blocked (1,1) charge configuration region. As O is close to the charge transition line, the electron in QD1 interacts with the lead through the first-order tunneling processes. The change of the charge state is monitored by the sensor during this phase. The change of the spin state is deduced by the subsequent spin blockade measurement [18] at the configuration M. [25] , we know that the mechanism of this relaxation is the first-order tunneling processes: the electron shuttles between the dot and the lead, and the charge and spin states change. The relaxation time is determined by the tunneling rate, and the rate can be controlled by the voltage on gate T. Note that the intrinsic spin relaxation time in a QD without electron tunneling (several hundreds of µs, ms) [27] is much longer than this time scale.
The solid lines in Fig. 2(a) are the result of the fitting with single exponential relaxation curves. The charge relaxation time is 1.7 µs and the spin relaxation time is 3.0 µs. They are of the same order but still there is a difference: the charge relaxation is faster than the spin relaxation. This goes against naive intuition that those should be the same since both the charge and the spin are carried by a single electron.
This difference is enhanced when we lower the energy level of the QD against the Fermi level of the lead. Figure 2(b) is the result when we lowered the QD level by setting ǫ = 5.0 mV. The charge relaxation time is 2.1 µs and the spin relaxation time is 9.1 µs now. The charge relaxation time is not significantly affected. (The small change is induced by the change of the barrier height induced by the change of the operation point.) On the other hand, the spin relaxation time becomes three times longer. Figure 3 shows a series of the observed charge and spin signals for different alignments of the QD levels with respect to the lead. In these figures, the charge signal is normalized to span the range form zero to one. (The normalization is done using the initial and saturated charge signal values at f ≈ 0 and their dependence on ǫ.) (a), (b), (c), (d) and (e) correspond to the results with ǫ = 5.8, 5.6, 5.4, 5.2, 5.0 mV, respectively. When the QD level is above the Fermi level of the reservoir, so that the Fermi occupation factor f ≈ 0, the time scales of the charge and the spin are almost same (Fig. 3(a) ). When we lower the QD level against the Fermi level of the lead, the spin relaxation becomes slower. On the other hand, the charge relaxation timescale is not affected and the decay amplitude becomes smaller (Fig 3(b) , (c), (d) and (e)).
To reproduce the observed difference in the charge and spin relaxation and their QD energy level dependence, we set up a rate-equation model including the first-order tunneling processes [25] . Figure 4(a) shows a schematic of the theoretical model. The first-order tunneling event between the QD and the lead changes the probabilities according to
Here, P σ is the probability that the dot is occupied by a single electron with spin σ ∈ {↑, ↓}, and P e is the probability that the dot is empty. Further, f σ = f (µ − σgµ B B/2) and Γ σ are the Fermi occupation factor and the tunneling rate for an electron with spin σ [28] . By solving this equation with P ↑ + P ↓ + P e = 1, we can calculate the charge and spin dynamics of the system, given the experimental parameters (magnetic field B = 0.5 T, electron temperature T e = 0.25 K) and the initial condition P ↑ (t = 0) = 1. Figure 4 (b) and (c) shows calculated charge and spin dynamics at f = 0 and 0.6, respectively. Here, we assumed Γ ↑ = Γ ↓ = Γ, for simplicity. The charge relaxation time is not affected by the change of f and only the decay amplitude decreases. On the other hand, the spin relaxation time becomes longer with the increase of f . These results are qualitatively the same to the observed experimental results in Fig. 2 . The qualitative explanation of the difference is that the charge state of the QD is the result of both tunneling out and in process and then the time dependent terms including f are canceled out. On the other hand, the spin information is lost when the tunneling out process happens. For a large value of f , the electron has to first tunnel out, which happens with a small rate ∝ (1 − f )Γ. The smallness of the rate is the reason why spin relaxation looks slower than the charge relaxation.
The solid lines in Fig. 3 (b), (c), (d), and (e) , respectively. With the decrease of ǫ, the Fermi factor f increases monotonically. The theoretical fitting is consistent with the experimental data with reasonable fitting parameters. This implies that our model captures the basic physics of the system induced by the first order tunneling.
In conclusion, we analyzed the difference in the charge and spin relaxation in a QD-lead hybrid system induced by first-order tunneling processes. The difference depends on the Fermi occupation factor and the spin relaxation becomes slower when the energy level of the QD is lowered below the Fermi level of the lead. A theory describing the first-order tunneling process reproduces the observed experimental results. These results will be important for spin initializations and manipulations utilizing the coupling to the lead.
